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Neuroimmunology in the broadest sense is the study of interactions
between the nervous and the immune systems. These interactions
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play important roles in health from supporting neural development,
homeostasis and plasticity to modifying behaviour. Neuroimmunology
is increasingly recognised as a field with the potential to deliver a
significant positive impact on human health and treatment for
neurological and psychiatric disorders. Yet, translation to the clinic is
hindered by fundamental knowledge gaps on the underlying
mechanisms of action or the optimal timing of an intervention, and a
lack of appropriate tools to visualise and modulate both systems. Here
we propose ten key disease-agnostic research questions that, if
addressed, could lead to significant progress within
neuroimmunology in the short to medium term. We also discuss four
cross-cutting themes to be considered when addressing each
question: i) bi-directionality of neuroimmune interactions; ii) the
biological context in which the questions are addressed (e.g. health vs
disease vs across the lifespan); iii) tools and technologies required to
fully answer the questions; and iv) translation into the clinic. We
acknowledge that these ten questions cannot represent the full
breadth of gaps in our understanding; rather they focus on areas
which, if addressed, may have the most broad and immediate

impacts. By defining these neuroimmunology priorities, we hope to
unite existing and future research teams, who can make meaningful
progress through a collaborative and cross-disciplinary effort.
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Disclaimer

The views expressed in this article are those of the author(s).
Publication in Wellcome Open Research does not imply
endorsement by Wellcome.

Introduction

Investigation of interactions between the nervous and
immune systems, referred to here as neuroimmunology, is a
dynamic, interdisciplinary field involving (but not limited to)
immunology, neuroscience, inflammation biology, neurology,
psychiatry and psychology. Neuroimmunology represents a
rapidly expanding area of research with a high potential to
improve human health, catalysed by increasing evidence
implicating the immune system in neurological and psychiat-
ric development and disorders and, conversely, the role of the
nervous system in modifying immune function. These interac-
tions are dynamic and diverse, ranging from health and home-
ostasis, across the lifespan, from development to old age
and during disease. Closing the gap in our knowledge will
increase our fundamental understanding of communication
between two complex systems and how neuroimmune interac-
tions change over time, how they influence our behaviour and
what happens in neurological and psychiatric disorders.

Progress towards realising the translational potential of
neuroimmunology has, at times, been hindered by gaps in
basic mechanistic understanding and limited tools to moni-
tor, measure and modulate cells and molecules of the central
nervous system (CNS). Better understanding of the multiple
interactions between cell types of the nervous and immune sys-
tems is required, both within the CNS and the periphery. Fur-
thermore, the role of cells at the interface of the two systems,
such as border-associated macrophages and immune cells that
reside or circulate within and beyond the CNS, is becoming
increasingly appreciated. This highlights the importance of
understanding dynamic neuroimmune interactions in the broad-
est sense. It is important to consider when and where these
interactions are biologically advantageous or dysfunctional.
For example, microglia, the tissue-resident macrophages and
most abundant immunological cell type in the CNS, play a
vital role in supporting healthy nervous system development
and homeostasis; however, they can also contribute to neuroin-
flammation and neuronal dysfunction/degeneration, depending
on the context'. Conversely, modulating neuronal activity or
sensory experiences can modify microglial functional states™,
providing an example of how multiple interactions between
cell types in the CNS are critical for health and homeostasis.

While it has long been known that microbial infections can
affect the nervous system through interactions with the immune
system®, the coronavirus disease 2019 (COVID-19) pandemic
has highlighted how environmental influences can have an
impact on neuroimmune interactions. In particular, it has been
shown that a psychiatric diagnosis could be an independent risk
factor for COVID-19, but equally that survivors of COVID-19
are at increased risk of a subsequent psychiatric or neuro-
logical diagnosis’. As we begin to understand the neurological
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and psychiatric symptoms of long COVID, there has been
increased interest in neuroimmune interactions and immune-
to-brain communication, and how their homeostatic balance
is affected by infection*®’.

Identifying the research priorities in neuroimmunology
Setting research priorities requires bringing together the relevant
stakeholders to collectively determine which ‘uncertainties’ in
a field are the most pressing issues to resolve through research.
Identifying the key scientific questions can help a commu-
nity galvanise around a common set of goals and facilitate the
formation of new collaborations.

To accomplish this, and building off of earlier discussions®,
in October 2020, Wellcome brought together some of the lead-
ing neuroimmunology researchers in the UK, from across a
range of institutions, career stages and clinical and scientific
backgrounds. Members of the steering committee can be found
in Table 1. The goal was to identify questions that, if addressed,
would deliver a step change in our understanding in the short
and medium term (five to 10 years) and, in turn, have a posi-
tive impact on human health. It was important that these ques-
tions were generated by the research community, with the
greatest potential to maximise basic understanding and thera-
peutic advances, without being influenced by other factors
or strategies. The aim was to focus on the key questions that
would have the broadest and most immediate impact, and that
would be comprehensive and inclusive for the whole neuroim-
munology community while still providing meaningful and
tangible scientific direction.

To this end, the scope for this exercise covered fundamental
biology through to clinical application, in both health (for
instance, homeostasis, development, healthy aging and behav-
iour) and disease (such as dementia, multiple sclerosis, depres-
sion and schizophrenia). Broad definitions of the nervous and
immune systems were maintained. The nervous system would
include: neuronal synapses and surrounding glia, specific brain,
spinal cord or retinal compartments, the peripheral nervous sys-
tem and the cerebrospinal fluid. The immune system would
include both the peripheral and CNS-resident innate and adap-
tive immune systems, and those at the interface with the nervous
system, including cells associated with the blood brain barrier.
In addition, it was considered important to be inclusive in lan-
guage and terminology, whilst being able to communicate across
diverse fields. Throughout, we refer to neuroimmunology as
encompassing the full range of the two systems, from molecu-
lar and cellular interactions, through to immunopsychiatry and
psychoneuroimmunology, thus inclusive of mind, brain and
environment interactions.

A conscious decision was made to be disease-agnostic when
setting the research questions, while recognising the impor-
tance of the clinical context, as discussed in detail later. As
such, persons with lived experience were not included at
this stage of the process, although we recognise their future
participation is essential when setting priorities for specific
conditions.
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Research priorities in neuroimmunology

By engaging with a broad spectrum of stakeholders in an
open and transparent process, the following research priorities
were identified collectively (Figure 1).

Aiming to keep the research priorities broad and applicable to
the diverse researchers in the field, four cross-cutting themes
were discussed that provide additional context to each ques-
tion: bi-directional communication, context, translation and
tool/technology development.

Bidirectional relationship of immune and nervous
systems interactions

Interactions between the immune and nervous systems are bidi-
rectional and both the neuroimmune and immune-neuro per-
spectives should be considered when addressing the research
questions.

For example, in the immune-to-neuro direction, the pres-
ence of immune cells in the CNS was once considered a sign of
neuropathology, but it is now increasingly recognised that
immune signalling in the CNS is important for normal develop-
ment and healthy brain function. The formation of mature neural

Wellcome Open Research 2021, 6:194 Last updated: 30 JUL 2021

circuits for example requires pruning of synapses by the
immune system, including the classical complement pathway
(initiated by C1q)°, microglia'” and MHC Class I''. By extension,
inappropriate activation of the immune system can lead to
excessive synapse loss and neurodegenerative disease, including
Alzheimer’s Disease'”. This fine balance of immune function in
the CNS is further demonstrated by the ability of antigen-specific
T cells to improve neuronal survival after a CNS injury'’.

In pathological states, such as immune-mediated inflammatory
diseases and autoantibody-mediated neurological conditions,
immune function is unequivocally involved in neuroinflamma-
tory damage and/or pain but, paradoxically, can also support
tissue regeneration (e.g. remyelination). Inflammation can also
play a role in other states and conditions, such as stress resilience
and post-traumatic stress disorder (PTSD). Immune-deficient
mice (severe combined immunodeficiency and nude mice) were
more likely to develop PTSD than wildtype mice when sub-
jected to stress, with improvements seen in the stress response
upon transfer of T cells from wildtype donors'. Further roles
are also proposed for T cells in learning memory and behaviour,
in both antigen-specific and antigen-independent manners'”.

development of tools and technologies m

o What are the key sites of neuro-immune interactions?

molecular o
and cellular
mechanisms

cells?

What is the full repertoire of brain and nervous system resident immune

o Do peripheral immune markers reflect and/or affect the immune system in the

central nervous system and peripheral nervous system?

o What is the relative role of resident vs. infiltrating immune cells in the

regulation of neural cell function, circuits, and behaviour?
What are the effects of modulating immune proteins/pathways on brain and

How does the immune system affect the development of neuronal circuits

uonejsue.l|

o How does neural circuit function impact on immune cell responses in health,

bidirectional
impact on °
circuits, behaviour?
systems and o
behaviour and behaviour?
ageing, and disease?
internal and °
external °
modulators physical disorders and vice versa?

How and when do neuro-endocrine factors modulate neuroimmune crosstalk?
How does dysregulated neuroimmune cross-talk influence co-morbidities of mental and

o How do societal and physical and cultural environments affect neuro-immune cross-talk?

across the lifespan and in health & disease states

Figure 1. Research priorities in neuroimmunology. Ten key research questions were identified which, if addressed, would drive the field
forward in the short to medium term and translate to a positive impact on human health. The ten questions can broadly be grouped into
three categories reflecting the scale of analysis (e.g. molecules, circuits) and internal and external factors that influence, or are influenced
by, neuroimmune interactions. Each of these questions will need to be addressed in the relevant contexts including across the lifespan and
in health and disease, and may require the development or adoption of new tools and technologies to be successful. Addressing these
questions will strengthen the fundamental knowledge base and ultimately drive translation (e.g. through identification of new targets,
biomarkers).
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When considering areas to prioritise, it was noted that strate-
gies modulating the immune system to improve neurological
or behavioural function are more developed than vice versa.
As such, these are perhaps more likely to be taken forward in
the medium term for a variety of reasons, e.g. due to challenges
in developing brain penetrant drugs. However, we fully acknowl-
edge the importance of psychological, behavioural and physical
interventions that act via the nervous system to modulate
immune function and their potential to be harnessed for
therapeutic benefit. It has been recognised that the modulation
of neural function plays a role in regulating immune responses,
for example as seen in the gut-brain axis as well as strategies
to modulate neurotransmitters or neuropeptides to influence
health'*">. The immune system is also susceptible to behav-
ioural conditioning whereby pairing of a novel aversive taste
stimulus (conditioned stimulus) with an immunosuppressive
drug e.g. cyclosporin (unconditioned stimulus) results in the
taste stimulus itself exerting immunosuppressive properties'®!”.
Proof-of-principle data suggest that a similar behavioural con-
ditioning approach may support an immunosuppressive drug
dose-reduction strategy in renal transplant patients'®.

Activation of both the autonomic nervous system and the
hypothalamo-pituitary-adrenal axis have been demonstrated to
affect the immune system both directly and indirectly. For
example, lymphocytes express surface receptors for neurohor-
mones and transmitters and are exposed to neurochemicals in
lymphoid organs including the spleen and in peripheral
blood. Indeed, directly activating dopaminergic neurons
in the mouse ventral tegmental area and characterizing the
subsequent immune response after exposure to Escherichia
coli has shown an increase in both innate and adaptive immune
responses'®. This was indexed by enhanced antibacterial activ-
ity of monocytes and macrophages, reduced bacterial load and
a heightened T cell response in a mouse model of delayed-type
hypersensitivity'”.

Thus, studying both neuroimmune and immune-neuro inter-
actions will be critical to providing a holistic mechanistic
understanding of these pathways that will ultimately form the
foundations for innovative interventions. Furthermore, these
established CNS-immune communication pathways demon-
strate the potential of psychological/psycho-social interventions
to improve immune health and the importance of thinking more
broadly, i.e. beyond pharmacological modulators, about how
neuroimmunology could inform strategies to support health.

The importance of context

Understanding the context of neuroimmune cross-talk is criti-
cal when considering the underlying mechanisms. When tack-
ling these priorities, research teams should carefully consider and
report the rationale behind the chosen experimental context(s).
For example, localisation (e.g. a specific brain region or
peripheral nerve terminal), age or developmental stage, and/or
health or disease setting, including relapse and remission. The
context itself could define which research questions are a pri-
ority to address first, or which cell types to investigate and
how. For example, studying a particular cell type might be most
appropriate within a specific disease setting or developmental
stage.

Wellcome Open Research 2021, 6:194 Last updated: 30 JUL 2021

Investigating neuroimmune relationships during homeosta-
sis and development from pregnancy and early life through to
ageing will provide significant mechanistic insights into the
interactions. While the intent of the discussion was to be
broadly disease-agnostic, defining where and how disease is
included in the investigations was recognised to be important.
The disease context has the potential to provide fundamental
insights for certain common phenotypes across multiple diseases,
both with relevance to aetiology of disease onset, persistence
and progression. For example, insight into brain development
can give significant clues into mechanisms that can be reacti-
vated in disease (for example synaptic elimination). Indeed,
neuroinflammation is beneficial in the right context and so
improving our understanding of when it switches from being
beneficial (e.g. instructing developmental processes, remov-
ing debris, fighting infection, promoting regeneration) to detri-
mental (e.g. potential maladaptive synaptic pruning, failure to
sense danger, uncontrolled inflammation) to neurological
health, is required. Failure to consider different contexts could
lead to the unintended exclusion of important areas and over-
looking of key mechanisms, for instance natural changes in
neuroimmune cross-talk during critical periods of development
and ageing.

Contextual elements that should be considered include the
effect of genetic background, risk factors and co-morbidities
(e.g. metabolic disorders and obesity, or chronic low-grade infec-
tion and changes in the microbiome), all of which can lead to
chronic inflammation and an impact on the nervous system,
and predate disorders such as psychosis or depression®. The
influence of sleep and changes in neuroendocrine signalling
(including glucocorticoids, androgens, oestrogens, neuropeptides
and other hormones) and the impact of therapeutic interventions
for chronic conditions (such as chemotherapy, immunomodula-
tion or analgesics) are also important considerations. The impact
of diversity on neuroimmune interactions, including sex and
ethnicity, will also be important in gaining real understanding
of the nuances of these interactions. Secondary influences, such
as environmental factors, pollution, exercise, epidemics, thera-
peutics, poverty or stress, are increasingly recognised as play-
ing important roles in shaping these interactions. As well as
encouraging new epidemiological studies, the impact of soci-
etal factors opens the way for new collaborations with experts in
the social sciences, further breaking down traditional academic
siloes. While the impact of acute and chronic infection was
not addressed directly when developing the priorities, infec-
tion and neuroimmune interactions are inherently linked e.g. in
the maternal-immune activation model, where prenatal expo-
sure to infection could be a driver in initiating depression or
psychosis in later life, or chronic gum disease as a driver of
dementia®'.

In summary, whilst reductionist and mechanistic experimen-
tal studies are pivotal, the impact of neuroimmune interactions
cannot be studied in isolation, and the broader context of these
interactions, be it co-morbidities, age, chronic stress or infec-
tion, need to be taken into consideration (and reported) when
trying to understand the roles and functions of these interac-
tions over time. This can add a level of complexity but is critical
in providing a complete understanding.
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Tools/technology development

Addressing some of the priority questions fully will require
development of new tools and technologies. While there have
been major advances in recent years, there will be an increas-
ing need to continue to develop sensitive and selective tools to
measure and modulate immune cells and molecules in vivo,
particularly within the CNS. This applies to both human and
animal models to study interactions in homeostasis and devel-
opment as well as in disorders, where a lack of suitable tools
often presents a major barrier to progress. For instance, being
able to image and modulate CNS-resident or CNS-infiltrating
immune cells and pathways in the living nervous system, with-
out affecting the peripheral immune system, would be game
changing, allowing questions to be asked that are not currently
addressable around the dynamics of these cells and pathways
in vivo. Genetic tools, robust target-specific monoclonal anti-
bodies, novel biological labels and synthetic biology may all
contribute to the new toolbox.

Analysis of the full repertoire of immune cells and molecules
resident in the brain and nervous system will greatly benefit
from the generation of detailed cell atlases that incorporate study
of the peripheral immune system. This, however, may require
development of new or more specific markers to study the dif-
ferent immune cell types in the first instance, and then progress
to specific tools to track and manipulate cellular behaviour.
The migratory nature and dynamic aspects of cell phenotypes
of the immune compartment may provide additional challenges
to cell atlas development.

Collaborations beyond the biological sciences could be one
way forward to develop or optimise these much-needed meth-
ods and tools. For example, working with medical physicists to
develop neuroimaging tools sensitive to discrete CNS immune
cell types or with bioengineers to develop cell type-specific
targeting vehicles that could deliver pharmacological modu-
lators directly to cells of interest, would be transformative
from both a discovery and clinical perspective. Computational
approaches are equally needed in order to integrate and ana-
lyse the large amount of clinical and basic research data
generated and develop hypotheses for further experimental test-
ing. This includes neuroimaging and biomarker data, eHealth
records and the outputs from large scale ‘omics approaches.

Translation to the clinic

Dissecting fundamental questions of neuroimmune interactions,
such as those proposed here, can lead to an improved under-
standing of both systems and how disordered interactions can be
potentially causal in major neurological disorders and men-
tal illnesses. Increasing translational potential requires investi-
gating changes in neuronal circuitry, synaptic plasticity, CNS
development and ageing, and homeostasis and (dys)function in
both human and model systems. Studying effects of immune-
modulating therapies on the nervous system, behaviour, and
psychopathology can help to elucidate pathophysiologic
mechanisms, leading to development of novel or repurposed
immunotherapies. Progress in this area has been greatest in
multiple sclerosis. Several immune-modulating drugs are now

Wellcome Open Research 2021, 6:194 Last updated: 30 JUL 2021

available to effectively delay progression of neurodegenera-
tion and work by influencing peripheral immune cell trafficking
to the CNS or modulating immune cell activation. Natalizaumab
(anti-alpha-4 integrin) has been shown to block entry of periph-
eral immune cells into the CNS, alleviating disease progression
and further highlighting the importance of studying interac-
tions between the peripheral immune system and the CNS for
therapeutic gain®>. The high level of specificity conferred by the
autoantibody-mediated diseases of the nervous system offer a
direct link between neuroscience and immunology, allowing

their parallel study in humans with these diseases™.

In psychiatry, interleukin (IL)-6 has been identified as a poten-
tial target in patients with depression and schizophrenia using
population cohort and genetic studies’*”. However, patients
receiving IL-6 receptor blockade (tocilizumab) as acute graft-
versus-host-disease prophylaxis experienced significantly more
depressive symptoms®. This indicates that further investiga-
tion is required to test the therapeutic potential of targeting the
immune system specifically in patients with depression, such as
the Insight study, a proof-of-concept experimental medicine
trial of tocilizumab”’. Emerging evidence has also demonstrated
that increased inflammation may identify the phenotypic pro-
file of patients more likely to benefit from anti-inflammatory
augmentation across depression and psychosis®*?’. This high-
lights how, when testing an immune-modulatory drug in a
complex disease like depression (or dementia), it is essential
to first demonstrate that inflammation is occurring and stratify
inflammatory patients to the therapy. Successful translation to
the clinic will require evidence triangulation using different
approaches. Inflammation is likely to be relevant for some, but
not all patients with mental health disorders, and not at all
stages of illness. Further work is needed to understand the
characteristics of inflammation-related depression and psy-
chosis in order to inform patient selection in future interven-
tional studies, thereby improving trial readouts, which is critical
for clinical translation.

Furthermore, developing systems to experimentally suppress
or stimulate the immune system under controlled conditions
can provide a platform to study neuroimmune dysregulation or
understand its function in the CNS. However, this will require
standardisation of clinical parameters to aid comparative stud-
ies and interoperability of cohort data, for example standardi-
sation of methods for measurement of neurological features
(fatigue, pain, cognition) and protocols for collecting and
processing samples for immune characterisation. Achieving
this goal would be facilitated by closer collaboration between
research teams.

Conclusion

Neuroimmunology is an expansive field, which covers a vast
breadth of science from fundamental interactions of cells
to the effects of behaviour on the immune system. Bringing
together different research communities is therefore critical
to making progress, ensuring a joined-up approach with shar-
ing of knowledge and learning. With these proposed research
priorities for the field, we hope to provide a focal point for
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teams, galvanise collective endeavours and move neuroim-
munology forward as a whole. The importance of considering
the impact of context when addressing these questions is also
highlighted. With multiple groups tackling each problem
from different, but complementary or even synergistic angles,
together they will provide an ever more granular picture of
how interactions between the immune and nervous systems
influence health and disease. By defining the underpinning and
causal mechanisms through basic science as well as transla-
tional research in human cohorts, we anticipate impacting on
health and facilitating the discovery of new diagnostic and
therapeutic targets.

Achieving this vision will require the continued develop-
ment of new and improved tools, open sharing and curation
of data sets, multi- and inter-disciplinary teams working with
colleagues in the wider biological sciences, STEM and social
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sciences, as well as forging partnerships with clinicians, patients
and industry.

Finally, these research priorities were developed by the research
community, for the research community, as an attempt to iden-
tify the areas that most urgently need addressing to ultimately
improve health, to start conversations and new collaborations,
and coordinate existing efforts. By building upon the current
strong knowledge base and bringing in new disciplines and
perspectives, we hope to inspire not only new lines of enquiry
but also encourage researchers from diverse backgrounds to
become neuroimmunologists. Together, we can further our
understanding of this increasingly important field which has the
potential to make a major impact on health.
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